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ABSTRACT

Thermionic emission microscopes have been used to evaluate the
emission density from tungsten, molybdenum, tantalum, niobium, nickel, rhenium,
and niobium carbide in cesium, rubidium, and potassium vapors as, a function of
alkali vapor pressure, emitter temperature, and emitter crystal face,. It was
found that when the emitter surface had less than a monolayer coverage of alkali
metal, it was the atoimically closest packed plane of the emitter which yieldcd the
highest thermionic emission density. The effects of surface contaminants were
studied and evidence was obtained suggesting that the high work function of the
112 plane of tungsten and molybdenum may be caused by a contaminant.

Manuscript received May 10, 19,63.
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THERMIONIC EMISSION FROM METAL CRYSTALS
IN ALKALI METAL VAPORS*

HFL. Webster and P. L. Read

I. INTRODUCTION

It has been known for some Lime that the work function of a metal
crystal coated with thin films of cesium or other electropositive elements depends
upon the lattice structure of the metal crystal. The existence of this anisotropy
was found in the Nineteen Thirties after the development of various electron
microscope techniques qnd it was observed both in thermionic emission and in
field emission. Bruche(4 ) observed differences in thermionic emission from
various grains of a polycrystalline nickel sample coated with cesium. Johnson
and Shockley(2) used a cylindrical thermionic microscope to observe emission
differences from different crystal faces of tungsten coated with cesium, potassium,
and thorium. This geometry gives magnification in one dimension only, and an
improved microscope was made by Martin(3) who used a spherical tungsten
cathode in both cesium and barium vapors.

With the development of the field emission microscope by Miiller,(4 )
the dependence of work function of both clean and cesium covered metals upon
the crystal structure of the exposed crystal face was observed by a number of
workers. A review article( 5 ) has appeared in which photographs are reproduced
of field emission patterns from alkali-covered metals in which the large variation
of emission density with crystal face is apparent. Most of these investigations
with both the thermionic and field emission microscopes were not quantitative,
but in some experiments an effort was made to deduce the emission density from
the light output of the phosphor.

This report reviews some recent work on the variations of thermionic
emission density from various alkali-coated metal crystal faces performed with
a spherical cathode emission microscope similar to that of Martin but modified
to allow quantitative measurements of the emission current to be made.f6, 7)

The basic idea of this microscope is that a sphere cut from a single
crystal of the base metal will have all possible arrangements of surface atoms
exposed a.t various points of its surface. Thus if the local work function, or the
binding of foreign atoms to a surface is dependent on the arrangement of the
surface atoms, these properties will vary from point to point on the surface of
the sphere. The microscope makes use of this variation by projecting a map of
the electrons thermionically emitted at the sphere surface onto a planar anode
surface. Thus the variations in current density at the anode can be related back
to the variation in work function at the cathode sphere surface.

*This work is related to that performed under previous contract No. AF-19(604)-
54112, reported under Scientific Report No. 6 of that contract March 196i, and
published in Journal of Applied Physics, Vol.. 32, p. 1802 (l961).



The microscope is similar in geometry to some of the field emission
microscopes of M~ller but differs in having a much larger cathode sphere. This
results in a relatively small electric field strength at the sphere surface which
is insufficient to remove electrons by the field emission process.
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I. EXPERIMENTAL METHOD

A. Emission Microscope Tube Construction

The experiments to be described here were done with thermionic
emission microscope tubes similar to the one shown in Fig., 1. This tube was
similar to that described in an earlier publication, (8) but it has been modified to
yield better operation under the condition of low emission current densities and
to permit in some experiments the emitting sphere to operate in a beam of cesium
atoms arriving from the side tube reservoir.
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The cathode consisted of a sing le-crystal sphere and the anode of a
planar phosphor-coated metal disk which had a pinhole at its center, A Faraday
cage current collector was located behind the pinhole in the anode. The whole
anode was movable so the pinhole could be used to sample the emission current
density from various parts of the emitting ball. The cathode was heated by the
hairpin heater and the shield prevcnted electrons emitted by the heater from
reaching the anode. The single-turn auxiliary heater was used to heat by electron
bombardment the cathode ball to very high temperatures in order to clean it. The
tube of Fig. 1 differed from the earlier version in having the current collector
electrode supported entirely from the single glass bead. When the tube was being
operated1 this glass bead was kept warmer than the rest of the tube by a jet of
hot air which prevented the condensation of cesium. The anode support completely
surrounded this glass bead and served as a guard ring by interrupting leakage paths
from the cathode to current collector. These two measures permitted currents
of electrons in the I0,- amp range to be measured even when the tube was filled

with cesium vapor.



The tubes of most recent construction have been made with the cesium
reservoir pointed at the side of the cathode ball as shown in Fig. 1. This per-
mitted several types of experiments to be done. After the cesium pellet had
been broken but before the glass walls of the tube surrounding the cathode ball
had been saturated with cesium, the ball ran in a directed flux of cesium atoms
from the cesium pool in the side tube. This allowed observation of the migration
of cesium over the surface of the ball as the cesium moved away from the coated
side. By moving the sliding nickel disk from outside the tube with a magnet, the
cesium atom flux could be shuttered and the buildup time of electron emission
and hence the cesium film on the ball could thus be observed. Whlen the tube and
side tube were all at the same temperature, equilibrium measurements could be
made of electron and ion emission density as described in the earlier publication. (8)

The envelopes of the tubes were made of FN glass and seals were made
to Fernico rods and cylinders. The flexible diaphragm which allowed motion of
the anode also was made of Fernico. The phosphor screen was zinc oxide with
excess zinc held to a tantalum disk by a potassium silicate binder. This phosphor
screen survived prolonged exposure to cesium vapor. However, some loss of
light output was observed in tubes which were several months old. Potassium
was found to be more harmful than cesium to the phosphor coating and no image
could be obtained without going to high voltages.

A tube was made with a tin oxide conductive coating on the tube walls
and behind the phosphor coating but was not found satisfactory because the cesium
darkened the layer until it was very difficult to see through it. This darkening
disappeared again as soon as the layer was exposed to air.

The shield around the hairpin heater was a tantalum spinning. Both the
hairpin heater and the auxiliary heater were made of the same material as the
cathode ball whenever wire of that material was available and had sufficient
mechanical strength at electron emitting temperatures. Exceptions to that rule
were nickel, silver, and niobium carbide samples which were kaeated by tungsten
wire heaters.

The alkali metals used in the experiments were cesium, rubidium, and
potassium which had been condensed in breakable ampules by vacuum distillation.
Following assembly, vacuum bakeout, and sealoff, the ampules were broken in
the tube by striking them with a glass-enclosed iron slug.

B. Preparation of Cathode Spheres

The cathode samples for the emission microscope tubes have been formed
in two ways: by hanging-drop method, and by machining them out of single-
crystal stock. In producing these cathodes, the process used to form the final
surface was of great importance since many treatments leave steps and facets
of certain special crystallographic orientation. If such a surface were used, the
emission would be characteristic of only the facet planes formed by that treatment
instead of all the crystallographic planes which are to be measured in the
experiments.
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1. Hanging- Dr op Method

Figure 2 shows the apparatus used to make the cathode spheres by the
hanging-drop method. A rod of the cathode material of high purity was suspended
in a bell jar vacuum system by a fine wire of the same material. The lower end -
of the rod was often tapered to a point. A bombardment heater coil, also of the
same material, was placed around the rod such that it would heat the lower end
hotter than the upper end. Typical operating conditions for this bombardment
heater arrangement were with the rod 300 to 500 volts positive relative to the
coil and 0. 1 to 0. 3 ampere of electron current flowing to the rod. The lower end
of the rod was heated to 1010 0 to 2000C less than the melting point of the rod
material for a time of about an hour. At the end of this time the end of the rod

VACUUM BELL JAR

POLYCRYSTALLIN E

Fig. 2 Apparatus for growing

BOMBARDMET single-crystal metal spheres
HEATER COIL •by hanging-drop method.

was heated to the melting point and liquid drop formed and the rod was quickly
cooled. In an appreciable fraction of tle melts, a single-crystal or bicrystal-
spherical ball resulted. In order for this to happen, it was necessary that during
the hour heating period, the lower end of the rod recrystallized in one or two
large grains. Thus when the liquid hanging-drop formed it seeded on these grains
and froze in single- or double-crystal form. Figure 3 shows a tantalum rod and
sphere formed by this method.

It was important that the ball be cooled down quickly after it had frozen
as prolonged heating of the ball at temperatures near the melting point resulted in
a faceted structure. All the balls used in these experiments initially were excellent
spherical mirrors and they showed no facets under the highest optical magnification
available. Figure 4 is included to illustrate the mirror surface finish. It was taken
by viewing the reflection of a card bearing the words "single crystal" in a molyb-
denurm sphere under the microscope.
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Fig. 3 Tantalum rod and
sphere.

Fig. 4 Mirror
surface finish.

The hanging-drop method usually produced spherical surfaces due to
surface tension in the liquid drop; however, occasionally the ball would have a
dimple and sometimes the surface would show ripples as if the liquid ball were
oscillating at the moment it froze. The most usual cause of failure of the method,
however, was insufficient grain growth in the rod which would produce balls
consisting of 10 or more grains. Emission microscope experiments performed
with balls of 2 or 3 grains, however, were of interest, since they gave information
on the effects of grain boundaries on emission properties.

The hanging-drop method was used successfully with tungsten, tantalum,
molybdenum, niobium, rhenium, and platinum. 'The method was less successful
when tried with iridium, rhodium, and nickel, although it might have been success-
ful with different initial sample rods.

There are two reasons for starting with material of high purity. It is
known that certain impurities inhibit the motion of grain boundaries, and thus it
would be difficult to grow large grains in the rod and so produce single-crystal
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spheres. The second reason is the obvious one that one would like as pure and
clean a cathode sample as can be obtained because impurities may affect the
electron emission or cesium adsorption properties. One of the advantages of
the hanging-drop method is that many of the impurities which might be present
in the material are rapidly ejected when the material is heated to temperatures
near or above the melting point.

One difficulty with the hanging-drop method was encountered with the
less refractory metals. As previously mentioned, the bombardment heater coil
was always made of the same material as the sample being formed. Thus any
evaporation from the heater would not contaminate the sample. Materials such
as Pt, Ir, Nfi, and Rh, however, are not mechanically strong enough at their
electron-emitting temperature to make self-supporting coils and so for these
materials tungsten bombardment coils were used. As a result, it is possible
that some tungsten could be present in those particular samples.

2. Machining and Electropolishing Method

Whenever single-crystal stock is available, the cathode spheres can be
made by machining them out of a large piece. A major problem with this method,
however, is getting rid of the surface layer left by the machining. The machine
tool leaves behind a layer of small crystallites of random orientation which
overlays the single-crystal material below.

The method used most successfully here is that of high-voltage electro-
lytic etching. Generally neither low-voltage electrolytic etching nor chemical
etching can be used because both of these methods selectively attack various
crystallographic planes and result in faceted structures which as previously
indicated are not suitable for these experiments. Figure 5 shows a silver single-
crystal ball which has been etched in dilute nitric acid. The variations of
reflectivity associated with the facets can be seen. The center of the triangular
region is a 111 direction.

When electrolytic etching is used with 1 to 2 volts across the solution,
this voltage is comparable with the work function difference between the various
crystal planes and marked differences between rate of attack on the different
crystal planes are observed. When the applied voltage is 10 volts or more the
attack rate appears to depend more upon the surface geometry and points are
removed leaving smoothed and polished surfaces. This is the method that was
used with all the machined samples.

In order to use this method, however, it is necessary to find an elec-
trolyte which does not attack the surface chemically before the voltage is applied,
or if chemical attack does occur, it must be very slow relative to the electrolytic
action. The bath used for nickel was two parts of methanol and one part of con-
centrated nitric acid. The bath for niobium carbide was two parts of lactic
acid, one part of sulphuric acid, and one part of hydrofluoric acid. Certain
cyanide bNths are suitable for silver. It should be remembered that the ,;oluion5
for all these metals may be explosive, poisonous, or corrosive and one woulu
be well advised to consult some of the references on etching(9 ) before using them,



C. The Projection of the Electron
Microscope Image

1. Relation to Stereographic Projection

Electrons leaving the cathode sphere initially
"are accelerated away from it in a radial direction
by the radial electric field in that region. Their
paths then turn and they strike the anode phosphor
screen giving an enlarged map of the emission
current variations at the sphere. It is important to
know the way the image projects since this enables
one to relate current densities at the anode back to
the various crystallographic planes at the surface
of the sphere from which they came. This micro-
scope projection turns out to be very close to a
stereographic projection. It is more complicated,
however, because electrons from the back side of
the ball also reach the screen and give a double-

Fig. 5 Silver single- valued ring around its outer edge.

crystal ball etched in Figure 6 shows a stereographic projection for
dilute nitric acid. a cubic crystal with the 110 direction at its center.

The basic triangle with the 110, 100, and 111 direc -
tions at its vertices contains all possible crystallo-

graphic directions, and if emission current density can be measured over this
area the complete emission dependence on crystal face will be known. It will be
seen that the complete pattern is highly redundant with the basic triangle being
repeated 24 times. Some of the outer triangles may be confused by the double-
valued pattern of the electrons from the back surface but the inner eight triangles
have always been usable for measurement.

Before all of the cathode spheres were mounted in emission tubes they
were x-rayed to establish their orientation. The observed emission patterns,
however, always have had such obvious symmetry properties that all of the low
Miller index directions could be immediately established by inspection. When
locating some of the higher index planes, more careful attention to the projection
was required.

The potentials applied to the shield and single-turn bombardment heater
may be adjusted tn determine the size of the pattern and the position of the double-
valued ring. Once these potentials had been determined, they were established
by connecting tue various electrodes to a series resistor string. Ln this way when
the cathode-anode voltage was varied, the other electrode voltages varied in the
same proportion and the pattern size and shape remained unchanged. An exception
to this occurred in sonme tubes in which electrons could strike the glass walls and
charge them. However, this was generally a small effect.

'The stereographic projection can be used in the following way for interpola-
tion in the electron emission pattern. A central spot and an outer spot are initially
identified by their symmnetry properties. These two are used to establish the scale
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Fig. 6 Stereographic projection for a cubic crystal.

of the pattern and other spots between them can be identified by using the s-tereo-
graph projecction for interpolation. To check this procedure a pattern which had
100, 110, 111, and 112 spots identifiable was measured and the position of the
intermediate spots was correctly predicted within the accuracy with which
measurements could be made from the photograph of the pattern.

This microscope has been used not only for the projection of electron
patterns but also for the projection of positive ions produced at the sphere surface
by surface ionization. The positive ion currents, however, are not large enough
to produce a visible image on, the phosphor and all determinations of positive ion
currents have to be made with the pinhole curren' collector. To locate the
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pinhole it has been necessary to make use of the fact that the paths of particles
traveling in such an electric field are independent of the mass of the particles. (10)
For such positive ion measurements, the microscope is set up to produce a visible
electron image and the pinhole is located at the point in the pattern where current
is to be measured. The polarity of the voltage applied to the series resistor
string is then reversed and the positive ion current measured. It is, of course,
important that the series current in the resistor string be large compared to any
of the currents flowing to the various electrodes. Then the relative potentials
of the various electrodes will be unchanged by the emission currents and the
pattern size and shape will be the same for electrons and ions.

2. Calculation of the Magnification
of the Thermionic Emission Microscope

The raw data obtained from the thermionic emission microscope (TEM)
consist of measurements of the current received by the Faraday cup current
collector which lies behind the pinhole in the screen. In order to convert these
data to current density at the surface of the emitter it is necessary to know how
the pinhole in the screen maps back onto the surface of the single-crystal spherical
emitter along the trajectories of the emitted electrons. That is, it is necessary
to know the areal magnification of the TEM. In this section we shall derive an
expression for the areal magnification of the TEM as a function of the initial
position of the emitted electron on the emitter surface.

In order to simplify our calculation of the areal magnification of the TEM
we shall consider the somewhat unrealistic model of a TEM where the emitter is
considered to be an isolated, negatively charged, conducting sphere and the screen
is considered to be a grounded, conducting, infinite plane. This model neglects
the presence of the shank on which the emitter sphere is mounted, the shield, the
bombardment filament, and the glass walls of the tube. Also neglected is the
fact that the screen is not of infinite extent. Although this oversimplified model
is but a rough approximation to reality, the fact that the relative potentials of
the shank, shield, and bombardment filament remain fixed with respect to screen
potential allows us to correct for their presence and for the finiteness of the
screen by inserting an appropriate numerical correction factor into the expression
for the magnification. The relative potential of the walls of the glass envelope
near the screen will in general not remain fixed with respect to screen potential
since the glass takes a finite time to acquire its charge. However, this effect
will cause only a small perturbation on the center of the pattern (where current
measurements are made) especially if the glass walls are given time to charge
up close to their final potential.

The potential distribution of a negatively charged sphere a distance, a,
in front of a grounded plane is exactly the same as the potential distribution
between two identical conducting spheres having equal but opposite charge whose
centers are a distance, 2a, apart. This latter potential distribution is similar
to the well-known(II) distribution of two point charges with equal but opposite
charge, placed a distance 2a apart. This similarity arises from the fact that
the equipotential surfaces in the point charge system are very nearly spherical
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in the region close to the point charges. Since the radius of our emitter spheres
is small compared to the distance, a, we may represent our charged sphere by
a point charge located close to its center which then has an equipotential surface
that almost coincides with the surface of the sphere. The validity of replacing
the conducting sphere by a point charge at its center is examined in the Appendix.

It is shown there that for the dimensions of the usual TEM, the equi-
potential surface of a point charge which almost coincides with the emitter sphere
has a deviation from sphericity of less than 1 part in 10 and that the point charge
which gives rise to this equipotential surface lies at the center of the equipotential
"sphere" to within 1 part in i03. Since we are not able to measure either devia-
tions from sphericity of our actual emitter or the screen-to-emitter distance
with this accuracy, we may replace the charged spheres with point charges at
their centers in our derivation of the areal magnification of the TEM.

The problem now consists of determining how the pinhole maps back
onto a spherical equipotential surface (whose radius is equal to the emitter radius)
where the electron trajectories are those between two point charges of opposite
charge placed a distance 2a apart. Unfortunately, for a nonzero applied field,
the electron paths will not follow the lines of force since the electrons are emitted
with a finite velocity and since they gain energy from the field as they traverse
the interelectrode space. These inertial effects will cause the electron trajec-
tories to diverge outward from the particular line of force on which they started.
In order to properly take these inertial effects into account one should carry out
an iterative calculation using electron-optical methods. (10) Again in the interest
of simplicity, we shall ignore the inertial effects in our derivation and assume
that the emitted electrons will follow along lines of force.

It can be shown(I 0 ) that the trajectories of electrons emitted with zero
velocity are independent of the strength of the applied etectric field. Also, the
effect of the nonzero initial velocities of the emitted electrons is very small at
all temperatures of interest. Electrons at the maximum in the Maxwell-
Boltzmann distribution corresponding to the temperature T have (12) a kinetic
energy of T/1l, 600 ev, which is a small fraction of a volt at ordinary emitter
temperatures. Thus, we may correct for these inertial effects by inserting a
numerical correction factor into our derived expression for the areal magnifica-
tion. The product of this factor and the numerical correction factor mentioned
above can be evaluated by comparing the observed and calculated magnification
in regions near the center of the screen.

The magnification derived in this zero inertia approximation will be
sufficiently accurate for our purposes. However, for extremely accurate
measurements of the variation of the emission with applied field strength, a more
sophisticated evaluation of the TEM magnification would be needed which takes
into account the initial velocity distribution of the emitted electrons.

The areal magnification derived in the zero inertia approximation will
set a lower limit on the magnification of the TEM, since the inertial effects will
tend to spread out the pattern and so increase the magnification. It is possible
to set an upper bound on the magnification, and thus an upper limit on the error
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arising from neglecting the inertial effects, by calculating the magnification in
the case where the electrons are considered to possess infinite inertia. We
shall carry out this simple calculation and compare it with the zero inertia cal-
culation. [See Eqs. (11) through (14) and Fig. 8. ]

Our problem is that of determining how the surface of the emitting sphere
(represented by an equipotential of a point charge located at its center) maps onto
the screen along the lines of force joining this point charge to its image behind
the screen. The screen lies in the plane of zero potential. We shall calculate
the areal magnification as a function of e, where 0 is the angle between the line
normal to the screen joining the center of the sphere to the screen and the line
joining the center of the sphere to the point on the sphere where the emission
takes place. Then, 9 defines the initial direction of the emitted electron from
the emitter sphere, which, by the reasoning in the Appendix, is radially outward.

Rather than determining how the pinhole itself maps back onto the emit-
ter sphere, let us do the equivalent problem of determining how an annular ring
of thickness, dy, on the screen, where y is measured outward from the normal
to the screen passing through the point charges, maps back onto the emitter
sphere.

Referring to Fig. 7, the area of this annular ring A. is

As = 2wy*dy*

where y* is the value of y corresponding to the direction of emission 0 * at the
surface of the sphere. The corresponding area on the sphere AB is

AB = 27rr 0
2 sine* d*

where ro is the radius of the sphere. The areal magnification M is

AS_ 1 (/ dy' (i)M=AB r0 sine d-0

Thus,, we must find Cy dy/de ) from the equations of the lines of force.

The equation of the line of force with label C is in MKS units, from
Ref. 119

(x + a) (x - a) -c. (2)

(x + a) 2 + [(x - a) 2 +y2] i

Let us first find the value of y corresponding to a given value of C at the screen.
Here, x = 0 and the line of force equation becomes



y

Equipotential 
dy*

sphere de* .. "y

Fig. 7 Lines of force projection
(in text).

-a X

Lines of force•,,.

2a _

[az + y",]I/p

or

Next, we must find C as a function of 8. Starting again with Eq. (2) for the
lines of force and transforming the coordinates by

X = x+a

y = y

so that the origin of the coordinate system will be at the center of the sphere, and

transforming to polar coordinates by

xt = r cos 9

yt = r sin e,

Eq. (2) takes the form

cos 9 + (2a-rcos8) C (4)
[4a 2 

- 4ar cosa + r?
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Now, we are concerned with the evaluation of C on the surface of the sphere.
Here, r << a, and we may expand the denominator of Eq. (4) keeping terms up
to order r 2 /a 2 , Thus,

r r r cosz

C =cos 0 + 11 -r coso 1+ -- Cos +

8 r2 COS2 e

which reduces to

C =1 +cos 0 + -- sin2 0 • (5)
8az

Now, at the surface of the sphere, r = r 0 , and r 0 is typically about a/15.
Moreover, we are usually concerned with the range of 0 from 0' to 15' so that
the sin 0 is also small. Under these conditions the third term in Eq. (5) is
negligible so that we may write, with an accuracy of more than 0. 1 per cent

C =+ coso (6)

or in terms of half angles

C=2cosZ- (7)

We may now eliminate the parameter C between Eqs. (3) and (7)

y = a 1 8

Differentiating with respect to e, we find

tan- -- -/2
dy =a 2 L 2d o cos4-k. cos 4

and

dy a 4 __9

Y T sec 2 (9)
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Finally, we may substitute this value of (y dy/do) into Eq. (1)

tan . sec 4

a3 2a2
ro sin e

or sec 4
2 2M = -E-

ro (i + coso

or
_a

2  4
M 4 (10)

ro ? ( + cos 0 )3

The areal magnification of the TEM, under the zero inertia approximation, is
given by Eq. (10). The magnification 1M is a slowly varying function of e for
small 0 as can be seen in Fig. 8.

How well does this calculated magnification agree with the magnification
actually exhibited by a TEM ? It is difficult to accurately measure areal magnifi-
cation but linear magnifications can be easily measured. We have carefully
measured with a cathetometer the distance (0. 842 cm) between the centers of two
neighboring 110 spots on the screen of the W-Cs TEM tube. The great circle on
the emitter sphere joining the 110 regions came very close to passing through the
o = 0 point. The 110 regions on the emitting sphere which were the origin of
the electrons hitting the screen at the measured positions were 600 apart. Now
Eq. (8), which is the basis for our calculation of the areal magnification, predicts
a value of y of 0.386 (a) fore = 300. In this TEM, a = 0.90 cm, so that
y = 0. 348 cm. Thus, the predicted separation of the 110 spots on the screen,
using the zero inertia approximation, is 2y = 0. 696 cm. The observed separation
is 0. 842 cm, which is 121 per cent of 0. 696 cm. Thus, an additional factor of
1. 21 should be inserted into Eq. (8) to make the theory agree with reality. Thus,
in this case a correction factor of (1. 21)2 or 1. 46 should be put into the expression
for the areal magnification, Eq. (10).

In conclusion, let us calculate the areal magnification of the TEM for the
case where the emitter electrons are considered to have infinite inertia; i. e.,
where the emitted electrons follow a straight line from the sphere to the screen
along the extension of a sphere radius. The magnification derived in this way will
set an upper limit on the possible magnification of the TEM.

In this case, the form of y* is very simple

y* =a tan *

Thus
dy a sec (12)

-do



andy dv = a2 sine sec 3 0 (13)

so that on substitution in Eq. (1) we find the magnification M . as a function of e
for electrons with infinite inertia is

M 0a tz (14)
r 0

2  cos3 e

This is plotted in Fig. 8 along with the zero inertia magnification M.
The actual magnification at a given e will be somewhere between the limits
established by these two curves, and in practice will fall closer to the lower
curve.

II , ,---• -
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Fig. 8 Magnification as a function
of initial emission direction.
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D. Effects of Space Charge and Thermal Velocities
of the Emitted Electrons and Ions

4

The choice of the voltage applied between the cathode and anode of the
microscope was influenced by the effects of space charge and thermal velocities.
If the voltage applied was too small, space charge would set a maximum current
density which would be obtained from the surface of the ball. In the case of non-
uniform emission from the ball which, in fact, was usually obtained, the space-
charge spreading of the current bundles from the high emission regions would

-16-



make difficult the calculation of the emission current density at the ball surface
from the measured value at the pinhole. A calculation of space-charge effects
was thus desirable to establish what cathode-anode voltage would need to be
applied to avoid these space-charge problems.

If the emission from the sphere was uniform, the concentric sphere
solution of Langmuir and Blodgett(O3) could be used to estimate the maximum
current density obtainable without reaching the space-charge limit. This has
been done and the results are presented for some typical ball and screen
geometries which were used in these experiments. The emitting balls were all
spherical and ranged in size from about 0. 1 to 0. 5 cm in diameter. None of the
anodes were spherical and thus the concentric sphere solution could not be
applied exactly. The space-charge effects, however, were important only in
the near neighborhood of the emitting sphere and here the limiting current is
relatively insensitive to the size and shape of the anode. Figure 9 presents the
space-charge-limited current density of both electrons and cesium ions that can
be drawn with various voltages applied between a 0. 1-cm-diameter sphere and
two different sizes of collecting spheres. Since current densities of 102?" amp/cm2

of either electrons or ions were the maximum ever encountered in these experi-
ments, applied voltages of about 20 volts were sufficient to avoid space-charge
limitations for electrons. The problem was more severe with the cesium ions,
and very low voltage measurements would be impossible because of ion space
charge.

The magnitude of the space-charge spreading of current bundles from
small strongly emitting spots on the sphere is more difficult to estimate. The
universal beam spread curve(14) was used to estimate the current density above
which the space-charge beam divergence would exceed the geometrical beam
divergence in the diverging electric field. This, of course, is a more severe
limitation than is encountered in the microscope because the universal beam
spread curve was derived for charges moving forward at constant speed. In the
microscope geometry, the electrons are being accelerated and the current
bundle thins out. Again space charge is only important near the emitting ball.
It was found that the space-charge-limited currents in Fig. 9 were smaller than
those estimated in this beam spread calculation and thus one is safe in using the
values shown in Fig. 9 in determining the microscope voltage.

Another effect which must be taken into account in picking the micro-
scope voltage is the effect of thermal velocities. The small initial velocity of
the electrons or ions normal to the sphere surface is of no importance in the
ubual operation of this microscope. The tangential component, however, may
contribute appreciably to the spreading of a current bundle from a strongly
emitting spot if the applied voltage is low. Figure 10 shows the angular divergence
of an electron path due to this effect as a function of applied voltage for various
thermal velocities. This result was derived for motion between concentric
spheres(15) but it is a good approximation for electron paths near the axis of the
microscope where most of the measurements were made. Since the thermal
velocities were generally less than 0. 1 volt, applied voltages greater than 100
volts are sufficient to make this spreading small compared to the typical 50
geometrical spreading cf an emitting regfon.

-17-
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Use of microscope voltages above 100 volts eliminated those effects
which would make calculation of the magnification factor difficult. However, one
often would like to know the value of thermionic emission densities with very low
applied fields, and it is clear from the foregoing that these cannot be measured
directly. In order to estimate this low field current, extrapolation of the high
field currents by a Schottky plot has been used.
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E. Temperature Calibration of the Emitting Spheres

The temperature of the emitting spheres has been determined when
possible by use of a micro-optical pyrometer which was calibrated against a
standard lamp. This instrument was also used to determine the variation in tem-
perature of the sphere and supporting shaft. An average value of the spectral
emissivity was used for each material, as the variation with crystal face was
unknown. The very small variations in brightness temperature measured over
a single-crystal sphere suggests that the variation with crystal face was quite
small. It was suspected, however, that this might not be so for faceted or pitted
surfaces.

Since alkali-metal coated surfaces emit significant current density at
temperatures well below those measurable by optical pyrometry, methods of
extending the tempe.Vature calibration were necessary. As described in the
earlier publication, W) infrared photography was used for part of this region.
A method of extrapolation of the pyrometer measurements by use of the resistance
of the emitter heater was suggested by J. M. Houston, and this has been used for
most of these experiments. This extrapolation was based on the observation that
a plot of log of the heater resistance vs emitter temperature was almost a straight
line from room temperature through the optical pyrometer range. Since the heater
resistance was measurable throughout this range, the emitter temperature was
easily determined. A plot of this type is shown in Fig. 11. Once this graph was
in hand, a plot of emitter temperature vs heater current (Fig. 12) could be
prepared and this has been used for most of the samples.

l10IG I-
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Fig. 11 Heater resistance vs Fig. 12 Emitter temperature vs
emitter temperature, heater current.



III. EXPERIMENTAL RESULTS

Emission microscope experiments were done with balls of tungsten,
tantalum, molybdenum, niobium, nickel, silver, rhenium, and niobium carbide
in vapors of cesium, rubidium, or potassium. Some of the information obtained
was qualitative and the other was quantitative. The first few tubes that were
constructed did not permit the emission current density from individual crystal
faces to be measured. Instead, only the total current from the emitting sphere
and supporting shaft could be measured and the crystal faces which emitted most
strongly could be determined from the patterns seen on the phosphor screen.
With each succeeding tube, however, various improvements were incorporated.
Figure 1 shows the version that was used most recently.

A. Body-centered Cubic Materials

All of the information on the body-centered cubic materials will be
presented first. Quantitative data were obtained for tungsten, tantalum and
molybdenum, but only- qualitative information is available for niobium. Two
tungsten crystals were operated in- cesium vapor, and the tantalum bicrystal was
studied in cesium and rubidium vapors. Two molybdenum samples were investi-
gated in cesium and potassium vapors, while a niobium sample was measured in
cesium vapor. All of these b. c. c. material samples initially had identical
emission patterns when operated in cesium vapor. Differences, however, did
develop later in the series of measurements probably due to the effects of
contaminants.

1. Tungsten

(a) Emission Characteristics. The most extensive series of measure-
ments were made with tungsten. These included measurements of current
densities from various crystal faces, effects of contaminants on emission,
electric field effects, and measurements of degree of coverage of various crystal
faces by cesium in the 0. 08 monolayer or less range.

When the tungsten emitter tube was first, operated, the emission pattern
observed had bright spots from the 110 region and weak emission from all other
areas. After the tungsten emitter had been running for several hours, however,
bright spots were also observed from the 112 regions. The emission from the
110 regions changed only slightly while the 112 spots were appearing. Most of
the data which will now be presented were obtained after the 112 spots had
appeared and is probably characteristic of contaminated tungsten. The contaminant.
effects seem to be very selective, however, and currents obtained from faces
other than the 112 may not be much different from what would be obtained from
cesium on clean tungsten.

Figure 13 shows a plot of electron and ion emission density for three
different crystal faces of tungsten in cesium vapor vs reciprocal cathode tem-
perature. Three different cesium reservoir temperatures have been used with
the 100 surface. The electron emission from the ill face is just about what
would be expected from the 100 face, and this agrees with visual inspection of
tho pattern where these two faces have similar intensities. The 110 face, on the



other hand, at a cesium temper-
CE-S- iUM ON TUNGSTEN ature of 47 °C shows considerably
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4 11i faces, at the same temperature.
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CURRENT £ /-- face, at different cesium temper-
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w I 'by the work functions of the emitting

57 5face. The ion emission curve for
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EMISSION currents were measured with 300
10-5- volts accelerating the electrons and

J-, 'ions from the ball. The electron
""currents measured in this manner

were slightly higher than would be
measured at zero field as, for

example, in Fig. 17.

I Another experiment, done
with a tungsten emitting ball, was
directed toward answering a basic
question about cesium-coated

I1-1 surfaces. The observed differences
.6 I. /Tc(o1l0) 1.5 in emission density between crystal

faces could be due to different
Fig. 13 Temperature dependence of coverages of the faces determined

ion and electron emission from by preferential adsorption or could
tungsten planes. be due to different dipole moments

of the cesium on the different
crystal faces or a combination of

these two effects. To check these possibilities the degree of cesium coverage
of a strongly emitting 112 face and a weakly emitting 100 face was compared
by flashing the ball and measuring the pulse of cesium ions which came off of
each face using an oscilloscope. The ball was exposed to a constant flux of
cesium atoms for the same time before each flash. This type of experiment
can be done only when the surface coverage is less than 0. 08 monolayer as
discussed by Taylor and Langmuir. (16) This effect was nicely demonstrated
in the following experiment.

The ball was exposed to a constant flux of cesium atoms for a fixed
time and flashed and the ion pulse measured. The exposure and flash were
repeated and the electron pulse measured. Next, the time of exposure to the
cesium flux was increased and again the ion and electron pulses measured. It
was found that the ion pulses reached a saturated value after about 4 minutes'
exposure while the electron pulse was almost negligible after 4 minutes. It took
about 15 minutes' exposure to the cesium flux for the electron pulse to reach a
saturated value.



This may be explained as follows. Cesium readily leaves a heated sur-
face as ions if the surface work function is higher than the ionization potential.
The first partial layer of cesium deposited on the tungsten surface is sitting on
a high work function surface. Additional cesium deposited on the initial layer,
however, is sitting on a lower work function surface and thus when the ball is
flashed the additional layers leave as atoms rather than as ions. It appears,
then, that under the conditions of this experiment about 4 minutes is required
to deposit this initial layer of about 0. 08 monolayer, but this is insufficient
coverage to give much electron emission. It is apparent, then, that to use the
flashing technique to measure cesium coverage, the exposure times must be
short enough that ion pulse height saturation has not set in and thus the total
amount of cesium on the crystal face being investigated is removed as ions and
measured in the ion current pulse.

The results obtained in these experiments are quite complex in their
dependence on microscope voltage and degree of coverage. It is found, for
example, that the emitted ion pulses usually show two main peaks with fine
structure. Details of these experiments will be presented later. It may be
stated now, however, that the ion pulses obtained from the crystal faces which
are good electron emitters are usually larger than the ion pulses obtained from
the poor electron emitting faces. Thus it appears that preferential adsorption
must be at least part of the mechanism which accounts for the differences of
electron emission between crystal faces.

(b) Anomalous Emission Patterns. In the course of our study of the
emission from various crystalline faces of several single-crystal metal spheres
in the presence of alkali-metal vapor, we sometimes observed intense emission
from faces not ordinarily found to be copious emitters of electrons. These
anomalous emission patterns were not present when the thermionic emission
microscope was first used but appeared upon operating the tube for times which
varied with the type of anomalous pattern. These unusual patterns were somewhat
unstable in the sense that they could be temporarily removed or modified by
suitable flashing or heat treatment of the emitter sphere. On the other hand,
once an anomalous pattern had been observed in a tube it was impossible to
return to the situation which obtained when the tube was new. In such a tube,
the normal patterns would be persistently accompanied by some form of
anomalous pattern. In general, the intensity of the emission in the anomalous
portion of the pattern was higher than that of the normally emitting faces. More-
over, the current density of the emission from the "strange" faces reached a
maximum at a somewhat higher temperature than did the current density of the
emission from the "normal" faces.

The strangeness of these anomalous patterns and the high observed
current densities associated with the anomalous emission make them of consider-
able interest. The greatest variety of anomalous patterns was observed in a
thermionic emission microscope having a tungsten single-crystal eahitter
operating in cesium vapor, and we shall briefly describe the characteristics of
the strange patterns found in this tube.



Upon first operating this W-Cs tube only normal emission patterns were
obtained. However, after a few hours of operation of the thermionic emission
microscope, emission from 112 regions was observed as well-defined spots on
the screen. An example of this 112-spot emission is shown in Fig. 14(a). (The
cesium pressure for this and the associated patterns is I x 10-6 torr.) The
brightest spots in this picture correspond to emission from 110 regions on the
emitter and are normally the only emitting face at this emitter temperature
(4790C). In this picture somewhat less intense spots can be seen between the
110 spots. The anomalous spots correspond to emission from the 112 regions
of the emitter.

At somewhat higher emitter temperatures the emission current density
of the 112 emission surpasses that of the 110 emission, as can be seen in Fig.
Fig. 14(b). Here, the emitter temperature has been raised to 551'C and the

Si* /10

(a) 110 with 112 spot emission.

. 1/0

(b) 112 spot emission.

Fig. 14 Anomalous emission patterns of a Cs-W emitter.
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(c) 110 with 112 ring emission.
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(d) 130 with 112 ring emission.
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(e) 112 ring emission following heating above 700"C.

Fig. 14 (continued).
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(f) 110 with 130 spot emission.

o /30

(g) 130 spot emission.

Fig. 14 (continued).

110 spots have become very dim. The 112 spots, however, are still quite
bright. Apparently, the cesium atoms are now bound more tightly on the 112
faces than on the 110 faces, thus allowing emission to be observed at higher
emitter temperatures from the 112 face than from the 110 face.

We attempted without success to eliminate the 112-spot emission by
flashing the emitter for 1 minute at temperatures as high as 2700'K. The
persistence of this pattern suggests that it is due to an adsorbed entity (in
addition to cesium) which is so tightly bound to the tungsten that it is not
removed at 2700 0K or which is present in such large quantities in the tube that
it completely covers the 112 faces before an appreciable amount of cesium is
adsorbed while the emitter is cooling down after the flash.
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We speculate that this impurity adsorbant is fluorine and/or chlorine.
It has been found by Metlay and Kimball(17) that fluorine is so tightly bound to
clean tungsten that the last monolayer cannot be removed at 26000K. Also,
J. R. Young of this Laboratory has found that fluorine (along with chlorine) is given
off in fairly large quantities by FN glass vacuum envelopes during electron
bombardment of the glass. Such bombardment is almost inevitable in the
operation of the thermionic emission microscopes. The slow buildup of the
anomalous 112-spot emission might conceivably result from the production of
fluorine and/or chlorine in this manner. It should also be noted that the pre-
adsorption of fluorine has been found (18) to greatly enhance the emission from
cesiated tungsten and molybdenum polycrystals. If fluorine were preferentially
adsorbed on the 112 faces of our tungsten emitter, it would permit retention of
the cesium and thus substantial emission at much higher temperatures than
would be observed from an unfluorinated 112 face.

The spherical emitters as grown are usually mirror smooth as
illustrated in Fig. 4. Figure 15(a) gives additional evidence on the condition of
the surface of the newly formed sphere. This is an electron microscope
picture of a replica of the surface of a tantalum sphere with a magnification of
30, OOX. The only detectable structures seen on this sphere were grain
boundaries, one of which passes through the center of the photo. The slight
graininess results from the replication process.

rV ;frt4.;5'~-~A~f- > .. 2.r, "4

•i; Fig 15(a) Electron microscope

.% .$.%;. t.,
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tantalum sphere as produced
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• /,....,'.,30, O00X
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Fig. 15 (b) Photomicrograph
of surface of tungsten
sphere after use in
emission microscope.

250X

Quite in contrast to this, Fig. 15(b) shows the surface of a tungsten
sphere which operated in an emission microscope for several months. This is
an optical microscope photo of the side of the sphere facing the screen with a
magnification of 250X, and severe attack of the surface is very evident. The
area in focus Is a circle of about 0. 2 mm diameter, which is about one-fifth
of the emitter diameter. If the random attack of the tungsten was of chemical
origin, it may well have come from :fluorine present in the tube. Fluorine is
known for its ability to react with tungsten at low temperatures.( 1 9)

A second type of anomalous emission pattern which was observed in the
W-Cs tube is the 112-ring emission shown in Fig. 14(c) (along with the normal
110 emission). This "'strange'" pattern consisted of bright rings which some-
times appeared in the 112 regions. The emission associated with these rings
is very intense, the maximum emission current density being about two orders
of magnitude higher than any of the other observeJ patterns. The most interesting
feature of this ring emission is that at all temperatures, in the range of interest,
the emission current density of the ring emission is higher than that from any
other face, including the other anomalous patterns. This implies that the
minimum effective work function of the surface responsible for the ring emission
is lower than that of any of the other crystal faces. The high intensity of the
ring 112 emission is exhibited in Fig. 14(d) which shows the rings coexisting
with a 130 pattern (to be described below).



The ring 112 pattern has the feature that above emitter temperatures
of about 7000C, the pattern becomes quite mobile. Some striking configurations
result, as shown in Fig. 14(e). Upon heating the emitter to 1100 °C, the ring
112 pattern begins to transform to the spot 112 pattern, and at 12500C the 112-
spot pattern begins to transform to the 130-spot pattern and all traces of the
112-ring pattern have disappeared. The ring 112 pattern did not then reappear
for a period of several days. It is interesting to note that the temperature at
which the pattern becomes mobile is close to the melting point (684 °C) of bulk
CsF and the temperature at which the pattern disappears is close to the boiling
point (1250'C) of bulk CsF. The shape of the ring pattern, the fact that the
emission roughly follows a Fowler-Nordheim curve at intermediate field
strengths, and the required growing time all suggest that this 112-ring emission
may be due to field-enhanced thermionic emission from small CsF needles
which have grown on the tungsten emitter. Further work is necessary, however,
to verify this speculation.

The third and most interesting type of anomalous emission pattern
observed in the W-Cs thermionic emission microscope is the 130 pattern which
is shown in Fig. 14(f) along with vestiges of the 110 pattern. The 130 pattern is
also visible in Fig. 14(d), and a more detailed picture of the 130 pattern is
shown in Fig. 14(g). This 130 emission is perhaps the most unusual of the
anomalous patterns in that the 130 face has not been found to be a particularly
good emitter in earlier thermionic emission or field emission studies of tungsten
in cesium vapor or other similar systems. Again this strange emission is of
interest because it has a higher maximum emission current density than does
the 110 emission and it1 peaks at a higher temperature than the 110 emission.

We have measured the zero-field emission current density in one of
the center 130 spots and have compared it to the emission in an adjoining 110
spot. The zero-field data are obtained by making a Schottky plot at each emitter
temperature and extrapolating the linear portion of the Schottky curve to zero field.
A typical Schottky plot is shown in Fig. 16, this example being for the 110
emission at an emitter temperature of 4440C. In Fig. 17 are given the zero-
field emission data for both a 130 and a 110 face. The 130-emission peak is
higher by a factor of two than the 110 peak. Also, the 130 emission peaks at a
higher temperature than does the 110 emission, the 130 peak lying at about
4500C and the 110 peak being close to 400°C. On the high-temperature side of
the emission peak the 130-emission current density is about an order of magnitude
higher than the 110 emission. Both the 110 and the 130 current density maxima
lie above the comparable Langmuir-Taylor curve. (16)

The origin of this 130 emission is even more obscure than the other
types of anomalous patterns. After flashing the tungsten emitter for 1 minute
to temperatures above 22000K the 130 emission is no longer observed although
the l12-Jspot emission is present. If then the emitter is maintained in the tem-
perature range of 160000 to 18000K for a few minutes the 130 spots slowly reappear
and the 112 emission decreases slightly. This "aging" process is reminiscent
of the aging, at the same temperatures, found by Langmiur and Villars.(20)
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They found such aging necessary to activate their cesium-oxygen-tungstem
emitters. Conceivably, oxygen present in the tube is selectively absorbed on
the 130 faces. Oxygen is not as tightly bound on the tungsten surface as is
fluorine and can be removed by a 2200'K flash for 1 minute.( 2 0 )

All of our speculations on the origin of the anomalous emission patterns
are without firm experimental basis. We plan, however, to intentionally add
fluorine, chlorine, and oxygen separately and together, to our W-Cs thermionic
emission microscope tube and observe the resulting patterns. If these impurities
are in fact responsible for the anomalous emission patterns we should be able
to confirm these speculations about the nature of the surface layers which give
rise to these strange emission patterns.

(c) Field Dependence of Emission. In the course of our emission
measurements we have observed periodic deviations from the Schottky line
which are in order of magnitude larger than those ordinarily observed for poly-
crystalline tungsten emitters. As can be seen from Fig. 16 periodic deviation
amplitudes as large as 10 per cent of the Schottky line are observed, whereas
polycrystalline tungsten emitters exhibit periodic deviation amplitudes of 0. 1 to 1
per cent. (21). Such large deviations, if real, may result from the fact that
here we are looking at the emission of a single type of face of a single crystal.
One would expect that in the emission from one face of a single crystal the inter-
ference between the electron waves quantum-mechanically reflected from various
portions of the surface motive barrier would lead to periodic deviations( 2 2 )
whose amplitude is characteristic of that face alone. In the case of polycrystal-
line emitters there is an averaging effect coming from the fact that several faces,
all with different periodic deviation amplitudes and phases, are emitting at the
same time, so that the net periodic deviation amplitude tends to be quite small.
The large deviations which we observe here may also be in part due to the effect
of the adsorbed cesium layer. The presence of the cesium will divide the motive
barrier of the clean surface into two barriers, each of which will cause reflection.
The width of these barriers will be less than in the case of the clean surface so
that tunnelling currents can be larger.

We are undertaking a study of the periodic deviations from the Schottky
line for the emission from several faces of our cesiated tungsten emitter in
order (a) to determine whether our observed large amplitudes for the periodic
deviations are indeed real, and (b) to use the periodic deviation data to determine
the reflection coefficients for the various faces and to investigate the effect of
the adsorbed cesium layer on the reflection coefficients. The occurrence of a
high reflection coefficienL for one or more of the faces might be indicative of
the presence of effects of the bandstructure in the interior of the metal on the
reflection coefficient predicted by MacColl( 2 3 ) and discussed by Herring and
NicholM.(2 4)

2. Molybdenum

The emission pattern for molybdenum initially showed high current
densities from- the 110 regions. After the tube had been operated for a few
hours, strong emission was also obtained from the 112 areas. This is the same

-31-



(a) (b)

Fig. 18 Emission from (a) clean and (b) contaminated molybdenum in cesium.

as was found for tungsten. Figures 18(a) and (b) show the initial pattern and the
one obtained after the 112 spots have appeared. It was found that for about a
day, intermittent flashing of the ball to a high temperature would remove the
112 spots and just leave the 110's. After that time, however, the 112 spots
were present even after flashing. This behavior suggests that strong emission
from the 112 spots is due to a contaminant gas which is slowly building up in the
tube. After about a day the contaminant concentration has built up to such a level
that the 112 areas are recoated before the ball has cooled down from the flash.

One may speculate as to the nature of this contaminant. In some mass
spectrometer studies, as mentioned previously, J. R. Young has found that
electron bombardment of the glass used in these microscope tubes produces
persistent peaks of fluorine and chlorine. Some of the electrons from the
microscope ball strike the glass walls and thus could build up a pressure of
these gases after the tube has been in operation for a while.

Both fluorine and chlorine are small atoms which would fit in the rib
structure of the 112 planes of molybdenum and tungsten and thus convert these
planes into dense, close-packed planes with a high work function,

When the molybdenum emitter microscope was first operated the pin-
hole was set on a 112 spot. Thus it was possible to monitor the change in
emission of both ions and electrons from this face as the contaminant content
built up. Figure 19 shows the electron emission from the 112 face before and
after contamination as well as emission from the 110 face. Figure 20 shows a
detailed plot of the ion current from these two faces as a function of the current
in the hairpin heater.
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(a) (b)
Fig. 21 Emission patterns for molybdenum in potassium: (a) high temperature

and (b) low temperature.

The molybdenum sample was also operated in potassium vapor and the
emission patterns obtained were quite different from those obtained in cesium
vapor. In potassium, it was not the closely packed atomic planes which yielded
the strong emission but several of the high index planes. Figures 21(a) and (b)
show the two patterns which were obtained when the molybdenum sphere was at
a high and a low temperature.

3. Tantalum

Data obtained with tantalum have been presented in the earlier publi-
cation.(8) There are some interesting comparisons with tungsten and molybdenum
which will be mentioned here.

The tantalum emitter was operated off and on for several months in
cesium vapor, and throughout that time no change in the pattern was observed.
The 110 regions were the only ones to yield strong emission which is quite in
contrast to the results with tungsten and molybdenum. When tantalum was
operated in rubidium the pattern consisted of 110 spots, but 100 regions also
contributed at lower temperatures.

4. Niobium

The emission pattern obtained from niobium was the same as that from
tantalum. The 110 spots were strong and no other areas contributed appreciably.
One of the tubes constructed early in the course of these investigations contained
niobium, tungsten, molybdenun, and rhenium emitting single-crystal spheres.
It did not have the pinhole current collector, but each pattern could be seen on
a phosphor screen and the total current from each ball could be measured. The
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emission current densities obtained are uncertain because the exact area. of the
emitter which contributes current to the screen could only be estimated. The
rhenium ball yielded the largest current density, with tungsten and molybdenum
next and the niobium ball produced the least.

This tube containing the, four emitters has recently been run again
after 2 years to see how susceptible to contamination these four materials are.
The present molybdenum pattern is almost homog~eneo~us. The tungsten pattern
also shows contamination but the, 110 spots are still visible. The rhenium pattern
has some new emitting regions but is not significantly changed, and the niobium
pattern is identical to that obtained when the tube was new, Thus cesiated
niobium appears to be a material which is a relatively poor emitter but which is
almost immune to the effects of contaminants that arise in glass tubes.

B. Face-centered Cubic Materials

1. Nickel

Two samples ,of nickel have been operated in .emission microscope tubes
in cesium vapor in order to check the effects of surface preparation on emission
patterns. The first single-crystal sphere was chemically etched in acetic and
nitric acids and it was left with a faceted surface. The patterns obtained showed
emission from the 111 region at high temperatures and from the 100 region at low
temperatures. The spots in the pattern were quite diffuse and seem to have been
made up of many smaller spots, a result which is not surprising in view of the
roughness of the emitter surface.

"The second sample that was electropolished in methanol and nitric acid
was very smooth but it did have some etch pits. The pattern obtained with that
sample still showed emission from the 111 region at high cathode temperatures
and from the 100 region at low temperatures but nearby regions contributed at
various temperatures such that the shapes of the ill and 100 spots changed.

It may be either that the diffuseness of the patterns obtained with the
chemically etched ball made the spot shape difficult to see or that the etching
preferentially left 111 and 100 facets and removed other crystal planes.

2. Silver

An electropolishied silver single-.crystal sphere was operated with
cesium vapor in the microscope but the pattern obtained was essentially uniform.
The sphere was removed from the tube and found to have a matte surface which
could be etched off in order to expose the single crystal material beneath. It
was not rerun in 'the microscope, but some additional experiments were done
which shed some light on this strange behavior of silver.

A tube was built in which a silver film could be evaporated on a window
and the optical transmission of this film measured both before and after it was
exposed to cesium vapor. it was suspected that there might be a reaction between
the cesium and the silve,? producing a semiconductor, as has recently occurred
with gold in cesium vapor.({25 ) 'The measurements, of optical transmission done
by Miss (G. Lloyd cf this Laboratory indicated that the silver, film was somewhai.
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thinned by the cesium vapor but no change in shape of the adsorption character-
istic could be detected. It was observed, however, that silver is soluble in
liquid cesium. A single pass of a drop of liquid cesium over the film was
sufficient to remove it.

It is possible then that the silver ball in the microscope tube may have
been cool enough at some time to condense some liquid cesium which would
explain its altered surface. Thus single-crystal silver surfaces do not appear
promising for application in cesium diodes because of the ease with which their
single-crystal surface is destroyed.

C. Hexagonal Materials

1. Phenium

Electron and ion emission current densities have been measured for
two strongly emitting and two weakly emitting crystal faces, and the results
are presented in Fig. 22(a). The pattern obtained on the phosphor screen with
this material is shown in Fig. 22(b),. The centier bright spots and the inter-
mediate bright spots are associated with the 1010 and 1011 crystal faces. The
two spots at the outer ring of the pattern which come from the 1000 faces were
not measured. The dark regions measured were produced by the 1121 and 1231
faces. The ion current curves obtained are in the order determined by the
surface work functions.

Fig. 22(b) Emission pattern for cesium on rhenium.
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D. Cubic Materials

1. Niobium Carbide

This material has a sodium chloride type of lattice and the sphere used
in these experiments was cut from a single-crystal block and electropolished.
The sample was operated in cesium vapor and during the first run the tube
developed a leak and went down to air. While the run was being made, however,
the electron emission densities measured were quite high. The second tube
using the same sample yielded the emission pattern shown in Fig. 23 and electron
emission densities lower than those from tungsten. In order to learn if oxygen
from the leak might have increased the electron emission and thus caused the
difference between the first and second tests, the tube was rebuilt a third time
with a silver tube to admit controlled amounts of pure oxygen. It was, found,
however, that oxygen left the emission pattern and the current density essentially
unchanged.

Fig. 23 Emission pattern for
cesium on :niobium carbide.
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IV. DISCUSSION OF THE MICROSCOPE TECHNIQUE

This microscope offers several advantages over older techniques for
emission measurement. Here we discuss some of these advantages along with
the limitations. One of the advantages of this spherical thermionic emission
microscope over th9 cylindrical forms first used by Johnson and Shockley, (2) and
later used by Smith 16 and others is that the emission can be measured from all
crystal faces instead of from just those lying on a line of the stereographic pro-
jection. For example, if the cylindrical crystal has a 110 orientation on its axis
as frequently happens for b. c. c. materials, then only the crystal faces on the
outer circle of Fig. 6 can be measured (i.e., the hhk planes).

Among the other advantages of the spherical microscope over the cylin-
drical is the relative ease with which the single-crystal spheres can be produced.
As previously mentioned, they are easily produced from pure materials while
growth of the long thin cylindrical filament crystals appears to be something of
an art which often depends upon the controlled content of certain impurities inthe
wire. In addition, the sphere surface left from the molten state is usually
mirror-like which is to be compared with the frequently strEngly striated or faceted
surface left by the heat treatment necessary to grow the cylindrical crystals.
Another advantage of the spherical geometry over the cylindrical is the relative
freedom of the spherical system from secondary electrons which reach the current
collector aperture by indirect paths. (27)

In the cylindrical geometry, secondary electrons from any point on the
anode cylinder can return to the current collector slot by a large number of paths.
By contrast there is only one path from any point on the screen to the pinhole
current collector in the spherical geometry. For most of the screen this path
leaves the screen at an angle appreciably off of the normal. Secondary electrons
from the glass side walls of the tube, however, can reach the pinhole with initial
angles very near to the normal, but such secondaries can be avoided by arranging
potentials such that the primary electrons do not strike the glass.

This microscope has not been used to measure the complete electron
emission S curve because it was found that, when the cathode ball was heated hot
enough to emit as a pure metal, the shield around the hairpin heater became hot
enough to emit as a cesium-coated metal and spurious currents were obtained.

This type of microscope could also be used to measure the emission
constants of pure metals but this has not been done yet because, when the ball is
hot enough to emit without cesium, it is producing so much light that the emission
pattern on a phosphor screen is masked. When this occurs, the crystal face that
the pinhole is receiving current from is unknown. A way around this difficulty
would be to operate the tube with cesium present and thus locate the pinhole in the
pattern. The cesium could then be frozen out and the emission from the pure
metal be measured.

When using such a microscope tube it is desirable to have as much of the
tube as possible at the cesium bath temperature. While the equilibrium cesium
pressure is determined by the coldest spot in the tube it often takes a surprisingly
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long time for the equilibrium condition to be established, especially at low
cesium pressures. For example, if the cesium pellet was broken and the whole
tube left at room temperature, the cesium pressure should be in the range 1 to
2 x 10-6 torr. In theory, at this pressure every surface inside the tube should
be coated with a cesium monolayer in a fraction of a second. Still it took from
2 to 3 days for equilibrium to be established. This is a significant effect that
has been observed many times and the reason for it is not clear. It may be,
however, that the cesium dissolves in or reacts with the tube parts especially
the glass walls and all such processes must be complete before equilibrium can
be established. When the cesium pressure is higher, of course, equilibrium is
established much more quickly.

Whenever the emitting ball temperature was changed, the temperature
of nearby parts such as the shield may also have changed. Thus, the cesium
atom flux in which the ball was operating might not be in equilibrium with the
tube walls. With each point taken for curves such as Figs. 13, 17, 18, it was
necessary to wait until equilibrium was reestablished, and thus as a result
taking quantitative data as a function of emitting ball temperature was a relatively
slow process.
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V. THE HIGH WORK FUNCTION PLANES OF METAL CRYSTALS

Since the high work function planes of metal crystals appear to be of
pt-d.,1 importane -for csiated cathodes an effort was made to relate the
value of the work function of these planes to the surface properties, A simple
model was used for this calculation which gave some results in agreement with
experiment. Probably the greatest usefulness of this model was in providing an
intuitive picture of electron emission from various surface structures.

The model used was suggested by work of Bardeen(2 8 ) on the surface
work function of sodium. He found that the largest contribution to the work
function was due to polarization forces and the model used here assumes that the
work function barrier is entirely the result of polarization forces. It is assumed
that whenever an electron is in the neighborhood of a metal surface it polarizes
each of the surface atoms which then in turn attract the electron. The resulting
attractive force between the polarized atom and the electron is assumed to vary
as 1/r 4 and, when this is integrated over the surface atoms, the total force be-
tween the electron and the surface varies as the simple image force, This model
has only been applied to densely packed atomic planes in which the second layer
of atoms is well shielded by the first and thus the error of not summing over
more than the surface layer of atoms may not be serious.

This calculation has been used to find the work necessary to remove an
electron from the surface of the metal to an infinite distance for a variety of
lattice sites for each of the close-packed planes of the body-centered and face-
centered cubic lattices. It was found that the work necessary varies approximately
as the square root of the surface density of atoms. This factor has been evaluated
for the three most dense planes of these two lattices and the results are given in
Table I. The metals with small lattice constants should provide the highest work
function surfaces. One should remember, however, that the polarizability of the
surface atom will appear in the constant of proportionality and this will be needed
in comparing the work function of one metal with another. Unfortunately, little
data of this sort appear to be available. The proportionality can be used, how-
ever, in comparing crystal faces of the same metal.

Another result obtained from this model is the suggestion that the rows
of atoms that make up edges of close-packed atomic planes where a step to the
next plane occurs may be unusually important in determining the electron emission
from such regions. The model suggests that it would be easier for an electron
to leave the region of such a step than to leave the surface of a close-packed
plane.

As an example of the effect of these steps let us consider the 111 plane
of the f . c. c. lattice and the region of the stereographic projection in the near
neighborhood of that plane. The ideal 111 plane consists of atoms in close-packed
triangular array with no atomic steps present. Other nearby planes such as the
233 consist of the same sort of close-packed planes but with a step drop to the
next lower plane every 5 1/2 rows of atoms. Other planes even farther from
the 111 are similar except that the steps occur more frequently. Not only does
the number of steps per unit area vary but the structure of the row of atoms that
makes up the step is also changed. Some of these rows have the atoms at the
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TABLE I

Square root of the number of surface atoms per cm?" (D) for
the three densest planes of the body-centered and face-
centered cubic lattices.

Body-centered Cubic Lattice

Face .f-D View of 100 Face

110 1. 10/a a

100 1. 00/a a

112 0. 903/a

a = lattice constant in centimeters

Face-centered Cubic Lattice

Face I- View of 100 Face

ill 1.52/b b

100 1. 41/b b

110 1. 19/b

b = lattice constant in centimeters

shortest possible lattice spacing while others have the atoms arrayed with gaps
between them. Figure 24 shows the atomic arrangement of the 110 face of a
b. c. c. crystal and shows three of the different types of atom rows which can

Fig. 24 Atomic arrangement
along edges of 110 surface plane
for b.c.c. lattice.
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make up steps with this plane. The polarization model suggests that it is more
difficult for an electron to leave the close-packed row than it is for an electron
to leave the loose-packed ones.

It was found that certain crystal faces have close-packed rows and other
ones have loose rows and that all of the faces which have close-packed rows lie
along a few lines on the stereographic projection. These close-packed row lines
have been plotted for the f. c.c. and b. c.c. lattices in Figs. 25 and 26.

The occurrence of these close-packed rows may explain the appearance
of line• of low emission density which are seen in the field e mi)ssion patter s of
nickel,(15) iron,(15) copper,(15) iridium (29) rhodium (29) gold,(15) aluminum,( 5 )
titanim,(15) vanadium,(15) tungsten, (15) tantalum,(30 ) and niobium.(31) All of
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VI. CONCLUSIONS

A. Emission from Alkali Layers on Clean Metals

There are a few generalizations that are suggested by these measure-
ments and observations and these will now be discussed. The! b. c. c. metals
when covered with a fraction of a monolayer of cesium all showed the strongest
emission at high cathode temperatures from the 110, plane which has the closest
packing of surface atoms and the highest work function when clean. Similarly,
the f. c.c. material, nickel, had strongest emission from the 111 plane which
when clean had the highest work function, but it also had a lower temperature
emission peak from the second densest crystal plane (i.e., the 100). Rhenium,
a hexagonal material, had strong emission from the three high atomic density
planes of that lattice. All of these highly emitting planes when cesiate'd, have
work functions when clean which are considerably higher than the ionization
potential of cesium, which is 3.89 volts. The emission from tantalum in rubidium
was similar with the high-temperature emission being from the, 110 face but with
an additional peak at low temperatures from the 1100 plane. The ionization poten-
hal of rubidium is 4. 16 volts. In all these cases, however, the high-temperature
emission patterns are remarkably simple, consisting only of small emitting
areas at the center of the high work function areas with all other areas contributing
much less emission density.

The results obtained with molybdenum in potassium vapor are quite in
contrast to the above and both the high- and low-temperature patterns consist of
emission from the atomically rough planes, which would have low work function
when clean. The ionization potential of potassium is 4. 32 volts, Another com-
plex pattern is obtained from niobium carbide operating in cesium. In this case,
the work function of the niobium carbide is lower than that of most of the other
materials studied.

It appears, then, that when the work function olf the base metal plane is
much higher than the ionization potential of the alkali vapor, the high-temperature
pattern consists simply of emission from the high work function planes. On the
other hand, when the ionization potential and work function are more nearly com-
parable, the, patterns are complex and, in general, the high work function planes
do not contribute strongly. These observations are nicely explained by the
following model.

In general, the binding of cesium to a surface is dependent upon the
nature of the surface binding sites. There is, however, a strongly overriding
effect that occurs whenever the surface work function is higher than the alkali
ionization potential and the surface temperature is high. Under these conditions
the alkali atom is ionized and bound to the surface by image forces. The only
time the nature of the surface binding sites becomes important is when conditions
are less favorable for producing ions, namely, that the work function is low.

There are several other bits of evidence which support this picture.

1. In some other studies the emission patterns from metals coated with
barium( 5 ) (ionization potential 5. 19 volts) have been observed and the
patterns are complex with most emission from the rough planes and
little from the smooth, high work function planes.
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2. An attempt was made to match a surface lattice of cesium atoms to the
surface lattice of the metal planes which show high emission density,
the idea being that when a good match was obtained adsorption would
be strong. While this model works for the 110 planes of tungsten and
molybdenum, it does not appear to work without considerable lattice
distortion for any of the other planes which strongly emit at high temper-
ature. These planes have a great variety of binding sites with different
symmetry properties and lattice constants and the only property they
appear to have in common is a relatively high work function.

3. It is surprising that cesium should bind to the atomically smooth planes.
One would expect that an adatom would be more strongly held at an
atomic step or hollow in one of the rougher crystal planes. The binding
by image forces on the smooth planes appears to be a way around this
difficulty.

4. An additional bit of evidence that has come out of these studies is given
by the low-temperature pattern of tantalum in cesium vapor [see Fig.
2(b), Ref. 8]. When the emitting ball is operated at high temperatures
sharp 110 spots are obtained but at low temperatures these spread out
until the largest emission is obtained from the region of the 321 planes
and less emission is obtained from the 110. The weaker site dependent
binding forces become important at low temperatures while the cesium
layer on the 110 plane is thicker than the optimum.

The theoretical model of Rasor and Warner( 3 2 ) is based on binding of
cesium to the surface as ions. The results of this theory are in excellent
agreement with the experimental measurements made in these studies for the
high-temperature patterns where the surface coverage is less than a monolayer.
One would expect, however, that this theory would be less accurate at lower
emitter temperatures where the nature of binding sites is believed to be important.

B. Emission from Alkali Layers on Contaminated Metals

It would appear that contaminants added to metal surfaces can influence
the electron emission in the presence of alkali metals in at least two ways: (1)
the contaminants can change the work function of the metal surface and conse-
quently change the binding of the alkali in the form of ions; (2) the contaminant
can chemically bond with both the metal and the alkali metal.

The way that the contaminants work on cesiated tungsten and molybdenum
is not known but, as has already been suggested, the 12 spots may be the result
of an increase of the metal work function. Fluorine or chlorine could set down
in the 112 rib, convert it into a high density plane, and then hold the cesium as
ions, This is confirmed by field emission measurements which indicate that the
112 planes of tungsten and molybdenum are the second highest work function planes
of those materials. This is a different interpretation than is usually given to
this information by field emission workers who regard the high work function to
be an inherent property of the 112 plane rather than being due to a contaminant.
There is sufficient evidence from these measurements, however, to warrant re-
examination of the work function of the 112 plane free of contaminants.
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To review the evidence briefly: the cesiated emitters of tungsten, mo-
lybdenum, tantalum, and niobium. initially all have the same emission pattern
consisting only of 110 spots. After a few hours running, the 112 faces of tungsten
and molybdenum begin emitting due to the arrival of contaminants. The field
emission patterns of tungsten and molybdenum(31) have high work functions on
the 110 and 112 faces. Niobium( 3 1) and tantalum( 3 0 ) show high work functions
only for the 110 face. Thus the field emission patterns and contaminated
thermionic patterns are in agreement,

It is known that fluorine and chlorine are liberated when electrons bombard
the glass of these tubes. The thermionic microscopes used for the cesium studies
had the potentials arranged such that most of the electrons struck the phosphor
screen which was on a metal plate. Only a few stray electrons reached the glass
walls. The accelerating voltage used in these tubes was between 100 and 300
volts.

On the other hand, both the field emission tubes and the cylindrical
thermionic microscope tube of Nichols(33) have their screens on glass and thus
the electrons bombard the glass directly. The voltage used in the field emission
tubes is over 10 kilovolts and that used by Nichols was between 1000 and 3500
volts. It may be, then, that the production rate of the halides and its efficiency
of return to the emitter is so high in the case of these high-voltage glass screen
tubes that the emitter becomes contaminated within a very brief period after the
voltage is applied.

Smoluchowski( 3 4 ) has made a theoretical calculation of the work function
of various crystal faces of tunsten. Using a smooth charge distribution he found
the sequence of faces in the order of decreasing work function to be 110, 100,
112, and 111. This is in agreement with the result of the simple polarization model
and the experimental measurements with cesium. Upon introducing a correction
for a nonsmooth charge distribution the sequence becomes 110, 112, 100, and 111.
It would be useful to repeat this calculation in light of recent knowledge that the
anisotropy of the work function is much larger than it was previously believed to
be. The results of Nichols upon which this calculation was based gave a difference
of work function between the 110 and 111 faces of about 0. 3 electron volt. More
recent measurements yield a value of this difference in the range 1. 2 to 1. 6
electron volts. (27, 35)

It would also be of interest to carry out this calculation for either
tantalum or niobium for which there is agreement that the sequence of face work
functions are in the order 110, 100, 112, and 111.
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APPENDIX

VALIDITY OF APPROXIMATIONS USED IN THE CALCULATION
OF THE AREAL MAGNIFICATION OF THE THERMIONIC EMISSION MICROSCOPE

Let us consider the potential distribution of two point charges of equal
but opposite charge of magnitude q separated by the distance 2b. We may consider
these charges to be located on the! x-axis of a cartesia cuoourdinate system with the
negative charge at -b and the positive charge at +b. We shall first show that the
.equdipotential surfaces located close to the point charges are, to a good approxima-
tion, spheres whose centers are located close to the point charge. We shall then
evaluate the deviations from sphericity and the displacement of the center of the
equipotential "sphere" away from the position of the point charge in the case
where the equipotential "sphere" around x = -b represents the emitter in our
thermionic emission microscope.

Now, since the potential distribution of two point charges is axially
symmetric about the line joining the charges, we may solve the equivalent two-
dimensional problem. If y is the second cartesian coordinate, the potential V
at an arbitrary point in the xy plane! is given by

V_ q {1_1 ](AI)
4 [(x-b) 1+ y&.]I/Z [(x2b)2 + y } (

in MKS units where c is the capacitivity of free space. After shifting the origin
of the coordinate syseAem to x = -b and transforming to the polar coordinates,
(r, e), Eq. (AIL) will become

4 re 1
q r -[r2 - 4 br cos 0 + 4bZ]1/2

or

F r
r R 1 - 2b(A2)

b 4b '

where

- q

4 rrcV
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Now, the radius of our emitter spheres, r 0 , is always much less than the
sphere-to-screen distance, so that we are in the realm where r/b <<. Ex-
panding the denominator of Eq. (A2) and keeping terms only to order (r/b)2

r R 1- r + L . (JJ

or r

r=R l SJ 1 1oseýbzj (A 3)

This equation is of the same form as the equation of a circle referred to a
coordinate system whose origin is not at the center of the circle but displaced
along the x-axis (in the +x direction) by A, where A is much smaller than the
radius. To see this, let us consider the equation of such a circle in the cartesian
coordinate system (u, v). This may be written as

(u+A)? + v2 = T (A4)

where T is a given radius. Transforming to the polar coordinates, (s, ), Eq.
(A4) becomes

S2 + 2sAcosb +A? = T . (A5)

Solving for s, we have

?i1/? A
s = T 1 A sin? - cos . (A6)

Tz T

Expanding the square root, under the condition that A is much smaller than the
radius T

""=T[1 CoA- A sin2 $ +.. (A7)
T 2T2

To first order in A/T, Eq. (A7) is

s=T - 4L cos0] (As)
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which has exactly the same form as Eq. (A3). Thus, we may identify the
quantities

T = R[1 - r/2b] (AM)

A = R[r 2 /4bf] (Al0)

Therefore, to second order in (r/b) the equipotential surfaces close to the point
charge are spherical. For a given value of (r/b) we may evaluate the displace-
ment of the center of the equipotential from the point charge.

In the case of the thermionic emission microscopes, the equipotential
sphere which coincides with the emitter has a radius, r 0 , of about 1/15 of the
sphere-to-screen distance. Thus, any deviation from sphericity will be of the
order of (r/b)3 or (1/3375) or less than 1 part in 10 3. The displacement of the
center of the equipotential from the point charge will be from Eq. (A10)

(4) (225) 900

that is, about one-thousandth of the equipotential (emitter) radius. Both the
deviation from sphericity of the equipotential and the displacement of its center
from the position of the point charge are less than our experimental error in
measuring these quantities.
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